A colorimetric method for monosaccharide determination (Anal. Sci., 2013 , 29, 1021 was optimized for the high-throughput screening of α-glucosidase, which hydrolyzes an α-1,4-glycosidic bond of starch and related oligo-and polysaccharides, followed by the release of D-glucose from the non-reducing ends. In a microplate, 40 μL of a sample solution was mixed with 160 μL of a 50 mM Na2SiO3, 600 mM Na2MoO4, 1.5 M CH3COOH, and 20% (v/v) dimethyl sulfoxide solution, which was yellowish due to the formation of a yellow molybdosilicate. The mixture was kept at 80 C for 60 min. In the mixture, glucose reduced the Mo(VI) species directly to form a blue heteropolymolybdate(V/VI). Thus, 0.1 mM level glucose can be determined by the color change from yellow to blue. Since maltose cannot render the mixture blue as strongly as glucose, the present method has been successfully applied to a microtiter plate assay of α-glucosidase with the disaccharide. Also, the method has been applied to an assay of α-glucosidase inhibitors, acarbose and quercetin.
Introduction
In mammal intestine, starch is primarily broken down to disaccharides or trisaccharides by amylases including malt and microbial enzymes. The oligosaccharides are further hydrolyzed by α-glucosidase to release D-glucose from the non-reducing end, resulting in increased blood glucose levels. 1 Inhibitors of α-glucosidase, whether synthetic or naturally derived compounds, delay the absorption of the saccharide, and are available to reduce a postprandial hyperglycemia; they are widely used in the treatment of patients with type-II diabetes mellitus, lowering the effect on postprandial blood glucose and insulin levels. 2, 3 Some natural plant extracts and food components have long been used for ethnomedical treatments of diabetes, and have recently attracted much attention as an alternative for diabetic therapy. Thus, a rapid and simple assay method for α-glucosidase is of great importance to obtain effective inhibitors from such extracts and food components.
Usually, the α-glucosidase has been assayed using a chromogenic substrate, p-nitrophenyl α-D-glucopyranoside (Ph(NO2)-Glc). 4, 5 If glucose can be determined in the reaction mixture, the enzyme reaction and the inhibition can be examined using a natural substrate, such as maltose or sucrose. In a previous paper, 6 we presented a colorimetric method for the determination of reducing monosaccharide. This method is based on the reduction of Mo(VI) species directly by the saccharide to form a blue heteropolymolybdate(V/VI) species 7 in a Si(IV)-Mo(VI) organic-water mixed solution, which was initially yellowish due to the formation of a yellow heteropolymolybdate(VI) species. The method is simple and easy to carry out in comparison with the conventional colorimetric monosaccharide determination using a copper(II) reagent. 8, 9 Since poly-and oligosaccharides would not interfere with the determination of monosaccharide at the same concentration level, the colorimetric method can be applied advantageously to a microtiter plate assay of saccharifying enzyme. Also, the method has been optimized for the determination of fructose in the presence of excess glucose, and has been successfully applied to the high-throughput screening of glucose isomerase. 10 Thus, in this study, the method was optimized for the determination of glucose even in the presence of excess maltose, and has been applied to the assay of α-glucosidase and its inhibitors, acarbose and quercetin.
Experimental
Sodium metasilicate enneahydrate, disodium molybdate(VI) dihydrate, a 5 M HCl solution for volumetric analysis, and dimethyl sulfoxide (DMSO) were obtained from Wako Pure Chemical Industries, Ltd., and were used to prepare a Si(IV)-Mo(VI) solution. D(+)-Glucose, maltose monohydrate, lactose monohydrate, D(+)-cellobiose, p-nitrophenyl α-D-glucopyranoside, α-glucosidase from yeast, acarbose, and quercetin were obtained from Wako. They were used without further purification. Other chemicals were of reagent grade, and were used as received.
The Si(IV)-Mo(VI) solution was prepared as follows. A 5 mL portion of a 0.1 M Na2SiO3 and 1.2 M Na2MoO4 aqueous solution was mixed with 2 mL of DMSO. A 1.5 mL portion of a 10 M CH3COOH aqueous solution was added slowly with stirring. The mixture was filled up to 10 mL to obtain a 50 mM DMSO solution.
The absorption spectra and the absorbance versus time curves of the reaction mixtures were recorded by a spectrophotometer (JASCO V-630) with a temperature controller.
In the spectrophotometric measurements, the pass length was 1 cm, and distilled water was used as the blank solution. In the microplate assay, the reaction mixtures were heated by a plate shaker-thermostat (BioSan PST-100HL), and the absorbance was recorded with a microplate reader (Bio-Rad iMark).
An enzymatic reaction mixture was prepared as follows. α-Glucosidase (0 -0.1 U) was added to 300 μL of a 0.065 M NaH2PO4-Na2HPO4 buffer (pH 7.0) containing a 5 mM substrate, and the mixture was incubated at 37 C for 1 h. Immediately after incubation, the enzymatic reaction was terminated by the addition of 30 μL of 1 M HCl. A 40 μL aliquot of the reaction mixture was examined by the present microtiter plate assay.
When Ph(NO2)-Glc was used as the substrate, the enzyme was also assayed by a determination of the hydrolysate, p-nitrophenol (Ph(NO)2), which renders the mixture yellow. In this assay, 20 μL of the reaction mixture was mixed with 180 μL of a 0.1 M NaH2PO4-Na2HPO4 buffer (pH 7.0), and the concentration of Ph(NO)2 was determined from the absorbance at 415 nm.
Results and Discussion

Blue-color-development of the Si(VI)-Mo(VI) solution by glucose
Curve a in Fig. 1 shows an absorption spectrum of the Si(IV)-Mo(IV) solution consisting of 50 mM Na2SiO3, 600 mM Na2MoO4, 1.5 M CH3COOH, and 20% DMSO.
The Si(IV)-Mo(IV) solution was yellowish due to the formation of 12-molybdosilicate anion. 7 The Si(IV)-Mo(IV) solution was kept at 70 C, and was mixed with a 1/10 volume of the test solution containing 10 mM glucose. The mixture turned to blue gradually, indicating that glucose reduced the yellow molybdosilicate anion to blue one. Sixty minutes after mixing, the mixture was cooled down to room temperature. Curve b in Fig. 1 shows a spectrum of the reaction mixture. The absorption maximum was observed at around 750 nm. Figure 2 shows the absorbance at 750 nm vs. time, A750-t, curve of the Si(IV)-Mo(IV) mixture at 70 C after the addition of the 10 mM glucose solution. In the time range tested, the A750-value increased linearly. The initial slope, (dA750/dt)t=0, was determined to be (1.24 ± 0.03) × 10 -4 s -1 , which was proportional to the concentration of saccharide, cs. Thus, the (dA750/dt)t=0-value at cs = 10 mEq/L (Eq/L being the equivalent concentration referred to monosaccharide) was taken as a sensitivity of the present method. The A750-t curve for the 5 mM maltose test solution is shown by curve b in Fig. 2 . The (dA750/dt)t=0-value is listed in Table 1 together with those for the 5 mM cellobiose and lactose and the 1.8 g/L water soluble starch. The (dA750/dt)t=0-value of glucose was 28-and 56-, 40-, and 44-fold larger than those of maltose, cellobiose, lactose, and water-soluble starch, respectively. The selectivity for glucose decreased when the concentration of DMSO in the Si(IV)-Mo(VI) solution was higher than 20%, and the sensitivity decreased when the concentration was less than 20%. Thus, the present solution condition can be applied more advantageously to the α-glucosidase assay.
Non-reducing disaccharide, sucrose, which did not render the reaction mixture blue remarkably, gave a much smaller value of (dA750/dt)t=0 = (1.8 ± 0.4) × 10 -7 s -1 . On the other hand, fructose gave a much larger value of (dA750/dt)t=0 = (2.03 ± 0.05) × 10 -3 s -1 .
Thus, the present colorimetry can be applied advantageously to the glucosidase assay when sucrose is used as the substrate.
Microassay
On the basis of these findings, the procedure for the glucose microassay was performed as follows. A 40 μL aliquot of the test solution was transferred into the wells. The test solution was mixed with 160 μL of the Si(IV)-Mo(VI) solution, which was stored at room temperature. The microtiter plate was heated at 80 C for 60 min with a plate shaker-thermostat. Then, the plate was cooled down to room temperature or lower, and the A750-value of the reaction mixture in the well, A′750, was measured with a microplate reader. Test solutions containing glucose at different concentrations, cs, were assayed. As can be seen in Fig. 3 , the test solution of cs = 0 did not render the reaction mixture blue. At cs > 0.25 mM, the blueness of the reaction mixture was increased with cs, indicating that 1 mM level glucose can be determined by a visual observation. As shown by plot a in Fig. 3 , the A′750-value of the reaction mixture increased linearly with cs. The regression line is given as A′750 = (0.143 ± 0.002)(cs/mM) + (0.045 ± 0.002),
with the mean square of errors, 11 MSE = 1 × 10 -6 . The detection limit was calculated to be 3(MSE) 1/2 /0.143 = 0.02 mM, indicating that 0.1 mM level glucose can be determined spectrophotometrically.
The test solutions containing cs mM glucose and (5 -(1/2)cs) mM maltose were assayed. As shown by plot b in Fig. 3 , the A′750-value of the reaction mixture increased linearly with cs.
The regression line is given as A′750 = (0.138 ± 0.003)(cs/mM) + (0.102 ± 0.004),
with MSE = 5 × 10 -6 . The intercept was somewhat larger than that of plot a. This can be ascribed from the presence of maltose. The slope is in good agreement with the calculated one by (0.143 ± 0.002) × {1 -(4.4 ± 0.5) × 10 -6 /(1.24 ± 0.03) × 10 -4 } = 0.138 ± 0.002 from the slope of plot a and the (dA750/dt)t=0-values for glucose and maltose. The detection limit was calculated to be 0.05 mM, indicating that 0.1 mM level glucose can be determined spectrophotometrically, even in the presence of maltose. As can be seen in Fig. 3 , the blueness of the reaction mixture also increased with cs, indicating that 1 mM level glucose can be determined by a visual observation, even in the presence of maltose.
Enzyme assay
Usually, α-glucosidase has been assayed by using Ph(NO2)-Glc as the substrate. 4, 5 The chromogenic substrate is hydrolyzed enzymatically to produce Ph(NO2), which renders the reaction mixture yellow. In this study, α-glucosidase was examined in 5 mM Ph(NO2)-Glc and 0.1 M NaH2PO4-Na2HPO4 (pH 7.0) with the different concentrations of the enzyme, cEnz. The produced amount of Ph(NO2) was determined to be 0.74 ± 0.03, 1.65 ± 0.03, 2.50 ± 0.06, 3.02 ± 0.06, and 3.58 ± 0.05 mM at cEnz = 0.033, 0.067, 0.1, 0.133, and 0.167 U/mL, respectively, from the absorbance at 415 nm of the enzymatic reaction mixture.
In the present colorimetric method, Ph(NO2)-Glc did not render the Si(IV)-Mo(VI) reaction mixture blue ((dA750/dt)t=0 ~0). Therefore, the method can be applied to the determination of glucose in the enzymatic reaction mixture. An A′750 vs. cEnz plot gave a regression line written as A′750 = (3.3 ± 0.7)(cEnz/U mL -1 ) + (0.07 ± 0.07).
(
Using Eq. (2), the produced amount of glucose was determined to be 0.76 ± 0.03, 1.73 ± 0.03, 2.66 ± 0.09, 3.11 ± 0.07, and 3.51 ± 0.05 mM at cEnz = 0.033, 0.067, 0.1, 0.133, and 0.167 U/mL, respectively. The values are in harmony with those of Ph(NO2). The α-glucosidase reaction was also examined in 5 mM maltose and 0.065 M NaH2PO4-Na2HPO4 (pH 7.0) with different cEnz's. Then, 40 μL of the reaction mixture was assayed according to the procedure. Figure 4 shows a plot of A′750 vs. cEnz. The A′750-value increased linearly with cEnz. The regression line is given as A′750 = (0.76 ± 0.05)(cEnz/U mL -1 ) + (0.138 ± 0.009),
with the mean square of errors, MSE = 2.1 × 10 -5 . The detection limit was calculated to be 0.02 U/mL. The slope of the regression line was lower than that obtained using Ph(NO)2-Glc, indicating a significant difference in the enzymatic reaction rate between the substrates. α-Glucosidase can also be assayed using sucrose as the substrate. Figure 5 shows an A′750 vs. cEnz plot for the enzymatic reaction mixture prepared with 5 mM sucrose. The regression line is given by
and the detection limit was calculated to be 0.02 U/mL. Thus, since practical substrates can be examined, the present method will be useful in the assay of α-glucosidase and its inhibitors.
Assay of inhibitors α-Glucosidase reaction with maltose was also examined in the presence of an inhibitor, acarbose, with different concentrations, cIn. The initial rate of the production of glucose, v(= (dcs/dt)t=0), was determined by the present method, and the concentration dependence was analyzed graphically by using a method of Dixon. 12 Figure 6 shows v -1 vs. cIn plots obtained using 5 and 10 mM maltose as the substrate. The intersection of the regression lines was consistent with competitive inhibition, and gave the inhibition constant, Ki = (2.9 ± 0.5) × 10 2 μM. The experimental Ki-value was of the same order as the calculated Fig. 3 Plots of the absorbance at 750 nm for the reaction mixture in a microassay, A′750, against the concentration of glucose, cs, given by the test solution in the (a) absence and (b) presence of (5 -(1/2)cs) mM maltose. Error bar, 95% confidential interval of the mean value (n = 5). one of Ki = 91 μM from the 50% inhibition value using Ph(NO2)-Glc as the substrate. 13 Figure 7 shows Dixson plots for quercetin using the 5 and 10 mM maltose. The pattern of lines intersecting on the horizontal axis suggested to be non-competitive inhibition, and gave Ki = 9.4 ± 2.4 μM, which is much lower than that found for acarbose. Also, the experimental value was of the same order as Ki = 17 μM calculated from the result using Ph(NO2)-Glc. 13 Thus, the present method is available for the selection of more potent natural products in controlling the blood glucose level.
In conclusion, the present colorimetric method can be applied advantageously to the microtiter plate assay of α-glucosidase and its inhibitors. 
